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abstract 


\s  Staphylococcus  aureus.  a  pronounced  shift  in  position  of  the  acri- 
f Larin  . «sl stance  Locus  vaa  observed  when  gene  order  was  determined  by 
marker  frequency  analysis  of  cells  of  various  ages.  In  young  cells  (2- 
bour  culture),  acrif levin  resistance  was  napped  near  the  origin  of  repli¬ 
cation,  but,  1a  older  cells  (5-bour  culture),  the  same  locus  was  napped 
at  the  middle  c€  the  genome.  By  the  method  of  synchronous  chromosomal 
replication,  acriflavin  resistance  consistently  duplicated  in  the  central 
portion  of  the  chromosome.  When  cells  from  a  2-hour  culture  were  exposed 
to  nitrosoguenidine  md  then  allowed  to  express  nutations  after  mutagen 
treatment,  novobiocin-resistant  mutants  were  fully  expressed  after  two 
generations,  but  acrif levin -res is tent  mutants  were  not  fully  expressed 
^ntil  after  five  to  six  generations.  In  contrast,  when  cells  from  a  5- 
hour  culture  were  similar Ly  treated,  both  novobiocin  resistance  and  acri¬ 
flavin  resistance  were  fully  expressed  after  two  generations  of  growth. 
Furthermore,  the  ratio  of  frequency  of  acrif levin -res latent  mutants  to 
novobiocin-resistant  mutants  was  2.5  times  higher  in  2-hour  cells  than  in 
5-hour  cells.  \ 


When  cells  of  various  ages  were  exposed  to  phenethyl  alcohol  for 
2  hours  before  exposure  to  nitrosoguenidine,  same  genes  showed  a  constant 
ratio  between  the  frequency  of  induced  mutants  compared  with  the  frequency 
of  induced  mutations  to  novobiocin  resistance,  regardless  of  the  age  of 
the  cells.  Other  genes,  however,  exhibited  a  much  higher  ratio  of  fre¬ 
quency  coshered  with  novobiocin  resistance  in  2 -hour  cells  than  in  5-hour 
cells. 


These  data  have  been  utilised  to  demonstrate  that  the  total  genome 
in  £.  aureus  is  composed  of  two  repllcous.  In  young  cells,  one  replicon 
occurs  in  a  much  greater  nuaber  of  copies  compared  with  other  replicon, 
but  this  imbalance  of  replicon  ratio  declines  considerably  in  older  cells. 
Bine  genes  have  been  examined  to  date.  Three  of  these  genes  have  been 
assignee  to  one  replicon,  and  the  other  six  to  the  second  replicon. 


k'ny  reports  have  given  firs  evidence  that  the  genome  of  Escherichia 
coll.  -nd  probably  other  enterics,  exists  as  a  single  but  circular  Dtt 
Molecule  constituting  a  single  rep 1 icon.  Evidence  has  accumulated  that 
the  chromosome  of  Bacillus  subtills  also  exists  as  a  single  DMA  molecule 
and  behaves  as  a  continuous  linkage  group  within  the  confines  of  the  repli¬ 
cation  origin  and  terminus .  Investigations  in  this  laboratory  have  led  to 
a  method  for  napping  the  chromosome  of  Staphylococcus  aureus  by  synchroniz¬ 
ing  chromosomal  replication.  Gene  frequency  analysis  methodology  developed 
by  Sueoka  and  associates  has  been  applied  to  S.  aureus  and  supports  the 
genomic  map  obtained  by  the  synchronous  chromosomal  replication  method. 
However,  certain  anomalies  arose  during  derivation  of  a  chromosomal  map 
by  gene  frequency  analysis  that  were  inconsistent  with  the  concept  of  a 
single  replicon  for  the  total  genome  of  S.  aureus.  This  report  presents 
evidence  that  the  genome  of  this  organism  is  composed  of  two  major  repli- 
cons,  one  of  which  is  present  in  a  significantly  greater  number  of  copies 
then  the  other  during  early  log  phase. 


IT.  MATERIALS  Agp  METHODS 


The  strain  of  |.  aureus  employed  in  this  study  was  isolated  from 
clinical  material.  It  was  maintained  on  trypt tease  soy  (TS)  agar* 
slants  and  stored  at  4  C.  Transfers  were  made  every  3  months.  Singly 
auxotrophic  mutants  of  this  strain  were  isolated  following  exposure  of 
the  wild  type  to  nitrosoguanldlne .  All  broth  media  were  TS  broth. 

Hlnimcl  agar  was  a  hydro ly zed  casein  medium  whose  composition  was 
described  previously.3 

The  synchronous  chromosomal  replication  method  of  genomic  mapping 
has  been  published.3  Gene  frequency  analysis  methodology  for  S.  aureus 
gene  order  is  described  elsewhere**  and  is  similar  to  the  method  of 
Yoshlkawa  and  Sueoka. 

Broth  cultures  (5  ml  per  tube)  were  Inoculated  with  0.1  ml  of  a  1:10 
dilution  of  an  overnight  culture  in  TS  broth  and  incubated  on  a  shaker 
at  37  C.  After  2,  3,  4,  and  5  hours  of  Incubation,  the  optical  densities 
at  650  were  0.06,  0.25,  0.48,  and  0.75,  respectively,  for  the  wild 
type.  Some  of  the  auxotrophic  mutants  exhibited  a  slaver  rate  of  growth 
than  that  of  the  parent  type. 


*  Baltimore  Biological  Laboratories. 

**  Altenbern,  R.A.,  unpublished  data. 


Plating  nedlua  for  detection  of  Inhibitor -re* let ant  Mutant*  vaa  TS  agar 
nay  one  of  the  following  Inhibitor*:  chloramphenicol,  4  |xg/nl; 
novobiocin,  2  pg/nl;  nltrofurexone,  8  pg/nl;  acrlflavln,  25  pg/ml.  Muta¬ 
tion*  to  nooplgnentat Ion  were  detected  by  plating  on  TS  agar  and  Incubating 
for  24  hour*  at  37  C  followed  by  an  additional  24-hour  incubation  at  roon 
temperature  to  intensify  pigmentation  of  the  wild  type  and  to  enhance  con- 
treat  between  plgnented  and  nonplgnented  clone*.  All  plating*  were  per- 
fornad  In  triplicate  or  quadruplicate.  Mutant  frequency  ratios  and  gene 
frequency  analyst*  were  established  frcm  total  aitant  count  on  triplicate 
or  quadruplicate  plate*  of  a  specific  dilution.  When  necessary,  total 
viable  count  vaa  determined  by  triplicate  platings  on  TS  agar. 


BL  tggPLTS 


The  location*  of  the  genea  considered  here  are  presented  In  Figure  l, 
as  determined  by  the  synchronous  chronosonal  replication  technique  in 
which  chronosonal  duplication  requires  120  nlnutes.  It  should  be  noted 
that  the  acrlflavln  resistance  locus  duplicates  at  the  sane  tine  as  the 
novobiocin  resistance  locus.  Gene  frequency  experiments  designed  to  show 
forking  of  chronosonal  replication  during  various  stages  of  logarltfanic 
growth  indicated  that  considerable  forking  did  occur  during  early  log 
phase  (Table  1).  The  gene  controlling  acrlflavln  resistance  had  apparently 
shifted  position,  as  evidenced  by  canparing  gene  order  of  2-hour  cells  with 
that  of  5-hour  cells.  Neither  reversal  of  polarity  of  chronosoanl  replica¬ 
tion  nor  extensive  forking  during  genonlc  duplication  can  satisfactorily 
explain  the  shift  of  position  of  the  acrlflavln  resistance  gene.  This 
asrker  behaves  as  a  single  locus  with  a  chronosonal  position  defined  as 
shown  in  Figure  l.  The  concept  was  then  developed  that  the  acrlflavln 
resistance  locus  occurred  on  a  replicon  separate  from  the  repllcon  bear¬ 
ing  the  other  genea  presented  in  Table  1.  It  would  be  necessary  for  the 
replicon  bearing  acrlflavln  resistance  (repllcon  I)  to  be  present  In  a 
greater  nunber  of  copies  in  early  log  phase  (2-hour  cultures)  than  the 
repllcon  (repllcon  II)  containing  the  other  genes  in  Table  1.  Furthermore, 
in  nld  to  late  log  phase  cultures  (5  hours),  the  nunber  of  copies  of 
repllcon  I  conpared  with  repllcon  II  should  decline  several  fold.  This 
hypothesis  would  explain  satisfactorily  tbs  shifting  position  of  the 
acrlflavln  resistance  gene  conpared  with  the  other  genes  as  a  function 
of  culture  age. 


Figure  1.  Chroaoaoae  Map  of  8fc» nirr lococcua  aureua. 
Strain  Maybush. 


TABU!  1.  GENE  ORDER— ^  ON  STAPHYLOCOCCUS  AUREUS 
CMLOMOSOME  OBTAINED  BY  GENE  FREQUENCY  ANALYSIS 
ON  CELLS  OF  DIFFERENT  AGES 


Loci— ^ 

_ Ajte  of  Cells,  hours _ 

2 

A 

5 

6 

ACR/NW 

5.8 

1.3 

0.68 

0.42 

ACR /NFN 

6.37 

1.36 

2.0 

2.54 

CMP/NOV 

3.0 

1.94 

1.05 

1.39 

a.  Gene  order  at  2  hours:  ACR -CMP -BOV -MEN. 
Geae  order  at  5  hours:  CMP-NOV-ACR-NFH. 


b.  ACR  -  acrlfiavln  resistance;  NOV  ■ 

novobiocin  resistance;  NFN  ■  nltrofurasone 
resistance;  Off  -  chloramphenicol  resistance. 


TW  lytatbMU  m  tested  by  examining  the  kinetics  of  expression  of 
ncriflawla  tMlstaace  (on  rep  1  lcoo  I)  coopered  with  expression  of  novo- 
bleele  misuses  (as  rep  11c on  U) .  Two-hour  end  5 -hour  cultures  were 
prepared  as  indicated  in  Section  H.  The  5 -hour  culture  was  diluted  1:10 
la  fresh  wadies  ao  that  both  cultures  possessed  similar  optical  densities 
(0.05  to  0.06  at  650  ai) .  Equal  volumes  (5  al)  of  these  cells  were  then 
centrifuged  and  resuspended  la  equal  volumes  of  saline  containing  200  pg 
of  el treeoguns Idlne  per  al.  After  exposure  to  this  mutagen  for  20  minutes 
at  30  C,  the  cells  wore  recovered  by  centrifugation  and  resuspended  in  5  al 
of  fresh,  pteearaeu  (37  C)  TS  broth  sad  placed  an  s  dasher  at  37  C.  At 
time  sere  sad  at  appropriate  Intervals  thereafter,  each  culture  was  diluted 
aad  plated  for  total  viability  count  and  for  nunbers  of  Induced  out  ants 
to  acr  If  levin  resistance  mid  to  novobiocin  resistance.  The  results  are 
prasifed  la  Figure  2.  It  la  clear  that,  with  2-hour  cells,  the  expression 
of  acrlflevla  resistance  la  slgnlf Lcantly  delayed  as  compered  with  expres¬ 
sion  of  novobiocin  resistance.  In  contrast,  with  5-hour  cells,  the  full 
expression  of  resistance  to  acrlflevla  occurs  slmi ltaneous ly  with  expression 
of  noveblorlu  resistance.  The  ratio  of  frequency  of  acrlf lavln-reslstant 
auteats  te  frequency  of  novobiocin -res  is  tent  mutant  s  is  2.5  tinea  higher 
with  the  2 -hour  cells  than  with  the  5-hour  cells.  These  date  are  entirely 
consist ant  with  the  hypothesis  that  there  ere  aeny  more  copies  of  rep  1  Icon  I 
them  of  repllcae  II  at  2  hours.  Such  a  situation  would  result  In  a  long 
segregation  leg  for  eapreoolou  of  acrlflevla  resistance  compared  with  novo¬ 
biocin  resistance  end  would  yield  a  much  greater  relative  under  of 
serif larln -roof  or eat  outsat s  than  novobiocin -resistant  mutants  because 
there  would  be  so  ussy  more  copies  of  tbs  acrl flavin  resistance  locus. 

In  5  hour  cells,  uhere  duplication  of  repllcou  I  compared  with  duplication 
of  repllcou  H  has  hypothetically  diminished,  it  would  be  expected  that 
expression  kinetics  for  acrlf Lav In  resistance  aad  for  novobiocin  resistance 
would  be  approximately  similar.  In  addition.  It  could  be  predicted  that 
the  ratio  of  frequency  of  acriflsvia  mutants  to  frequency  of  novobiocin 
uutsnrs  would  decline  because  of  the  smeller  soda  of  copies  of  repllcou  I 
tampered  with  replicae  II. 

Although  the  experiments  outlined  above  could  be  applied  to  the 
specific  case  ^ere  the  scrlflsvln  Locus  duplicated  at  the  same  time  as 
the  novobiocin  locus  on  the  genomic  amp,  the  argument  loses  Its  validity 
whan  directed  toward  a  locus  that  duplicates  earlier  than  that  of  novo¬ 
biocin  resistance.  In  such  a  case,  delayed  expression  end  greater  nunbers 
of  amtsmts  of  the  early  gene  then  at  the  novobiocin  locus  for  2-hour  cells 
compared  with  5-hour  colls  might  well  be  Interpreted  as  evidence  of  more 
extensive  forking  during  chromosomal  duplication  in  young  cells  versus 
elder  colls. 


Novobiocin  Mutan»*/103C«lls  Acnflavm  IWu 


Therefore,  a  technique  was  adopted  whereby  the  numerical  ratios  of 
the  number  of  copies  of  replicon  I  compared  with  replicon  II  could  be 
"frosen."  This  was  done  by  adding  0.40Z  phenethyl  alcohol  (PEA.)  to  the 
cultures  and  incubating  them  at  30  C  for  2  hours.  It  oaB  been  shewn3*4 
that  this  treatment  allots  chromosomal  replication  to  proceed  but  pre¬ 
vents  any  subsequent  reinitiation  of  duplication  of  the  genome.  Cells 
so  treated  would  be  held  invariant  regarding  the  number  of  copies  of 
both  replicon  I  .•>nd  II.  Cultures  of  the  wild  type  and  the  various 
auxotrophic  mutants  were  grown  in  TS  broth  for  2,  3,  4,  and  5  hours. 

PEA  was  then  added  to  a  final  concentration  of  0.40%  (v/v).  The  cultures 
were  incubated  for  2  hours  at  30  C  to  allow  replication  in  progress  to 
proceed  to  completion.  The  3-,  4-,  and  5-hour  cultures  were  diluted  1:2, 

1:4,  and  1:10,  respectively,  in  TS  broth  containing  0.40%  PEA  to  equal 
approximately  the  optical  density  of  the  2-hour  culture  (0.05  to  0.06). 

The  cells  from  equal  volumes  of  culture  were  then  removed  oy  centrifugation 
and  resuspended  in  5  mi  of  saline  containing  200  pg  of  nitrosoguanidine 
per  ml.  After  20  minutes  of  incubation  at  30  C,  the  cellB  were  recovered 
by  centrifugation  and  resuspended  in  5  ml  of  fresh  TS  broth.  The  resulting 
cultures  were  incubated  on  a  shaker  at  37  C  for  5  hours  to  insure  full 
expression  of  all  mutations.  The  cells  were  then  diluted  and  plated  both 
on  TS  agar  containing  2  pg  of  novobiocin  per  ml  and  on  either  TS  agar  con¬ 
taining  another  appropriate  inhibitor  or  minimal  agar  to  score  for  revertants 
to  prototrophy.  The  novobiocin  resistance  locus  was  employed  as  a  reference 
starker  because  general  experience  had  shewn  that  this  gene  could  be  con¬ 
sistently  scored  with  high  accuracy.  The  ratio  of  the  number  of  mutants 
at  a  specific  locus  compared  with  the  number  of  novobiocin-resistant 
'jutants  was  calculated  for  the  2-,  3-,  4-,  and  5-hour  cellB.  The  results 
of  four  such  determinations  are  presented  in  Fig.  3.  Note  that  for  both 
the  pantothenate  locus  and  the  acriflavin  resistance  locus,  the  ratio  of 
mutants  is  high  compared  with  novobiocin-resistant  mutants  for  2-hour 
cells  but  declines  rapidly  for  3-,  4-,  and  5-hour  cellB.  These  results 
ere  in  sharp  contrast  with  results  of tained  at  both  the  tryptophan  locus 
and  the  nitrofurazone  resistance  locus,  where  the  ratios  of  mutants  corns 
pared  with  novobiocin-resistant  mutants  are  essentially  constant.  Ca  the 
basis  of  such  data,  loci  for  acriflavin  resistance  and  pantothenate  are 
assigned  to  replicon  I,  and  loci  for  novobiocin  resistance  and  tryptophan 
can  be  assigned  to  replicon  II.  The  pantothenate less  mutant  grows  notice¬ 
ably  more  slowiy  in  TS  broth  than  most  of  the  other  mutants  or  the  wild 
ty >e,  so  that  the  decline  in  ratio  for  pantothenate  to  novobiocin  is  less 
precipitous  than  that  for  acriflavin  to  novobiocin.  Table  2  compares  the 
ratios  of  the  frequency  of  mutants  at  a  variety  of  loci  (Fig.  1)  to  the 
frequency  of  novobiocin-resistant  mutants.  Although  some  loci  show  a 
slightly  erratic  ratio  of  frequencies,  the  two  types  of  relationship  can 
be  clearly  detected  as  depicted  in  Figure  3.  Mutant  21  is  an  auxotrophic 
mutation,  not  yet  defined,  that  has  a  gene  duplication  time  of  40  to  50 
minutes  on  the  120-minute  map  (Fig.  1). 
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Figure  3.  Ratio*  of  Mutations  of  Several  Loci  to  Mutations 

to  Novobiocin  Resistance  in  2-,  3-,  4-  and  5 "Hour  Cells. 


TABLE  2.  RATIOS  OF  FREQUENCY  OF  SINGLE  GENETIC  LOCI 
TO  NOVOBIOCIN  RESISTANCE  LOCUS 
AS  REIATED  TO  AGE  OF  CELLS 


Locus 

ACR 
NFN 
CMP 
PAN 
RIB 
GUA 
TRY 
MITT  21 


2 

3 

4 

5 

2.2 

0.35 

0.25 

0.41 

2.1 

2.5 

1.8 

2.6 

1.9 

1.5 

1.3 

1.7 

10.0 

7.4 

5.7 

2.0 

0.77 

0.72 

0.75 

0.67 

0.04 

0.024 

0.027 

0.023 

6.0 

5.1 

5.1 

4.8 

5.1 

1.3 

0.6 

0.6 
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Figure  4  presents  the  tvo  hypothetical  replicons  bearing  the  respective 
genes  at  the  duplication  times  determined  by  the  synchronous  chromosomal 
replication  method.  At  present  there  is  no  distinctive  arrangement  of 
nutritional  loci  on  one  replicon  and  inhibitor  resistance  loci  on  the 
other;  the  distribution  of  genes  appears  to  be  random.  It  should  be 
eaphasized  that  no  rational  conclusion  can  be  drawn  concerning  the 
absolute  numbers  of  replicons  per  cell.  The  ratios  tell  only  that  at 
2  hours,  replicon  I  is  5.1  (mutant  21)  to  6.4  (pantothenate)  times  as 
frequent  as  replicon  II  when  compared  with  the  ratio  of  frequencies  in 
the  5-hour  cells.  This  concept  also  explains  an  anomaly  in  gene  frequency 
analysis  concerning  the  normalised  value  of  the  ratio  of  the  pantothenate 
gene  to  the  novobiocin  resistance  gene,  which  was  12.0  or  more  in  several 
determinations  and  appeared  to  be  in  error  for  unknown  reasons.  The 
existence  of  pantothenate  and  novobiocin  resistance  on  separate  replicons, 
one  of  which  occurs  in  a  greater  number  of  copies  than  the  other,  would 
yield  such  high  values. 

Ho  conclusions  can  be  drawn  concerning  the  relative  size  of  the  two 
replicons  proposed  for  S.  aureus.  They  seem  to  be  of  roughly  equivalent 
lengths  because  replicon  1  bears  a  gene  (acri flavin  resistance)  that 
duplicates  at  40  to  50  minutes  on  the  120-minute  map,  but  replicon  II 
has  only  two  later  genes:  nltrofuraxone  resistance  (50  to  60  minutes) 
and  tryptophan  (80  to  90  minutes).  The  lack  of  resistance  to  the 
inhibitors  in  the  wild  type  seems  to  eliminate  the  possibility  of  a 
replicon  of  the  nature  of  RTF  associated  with  penicillin  resistance  and 
erythromycin  resistance  as  well  as  other  antibiotics. 

In  conclusion,  this  rationale  and  methodology  has  not  been  applied 
to  other  organisms.  To  the  author's  knowledge,  there  are  no  recorded 
cases  of  shifting  gene  order  by  gene  frequency  analysis  in  other  bacteria 
as  a  function  of  the  age  of  the  cells.  Although  the  concept  of  more  than 
aoe  replicon  constituting  the  genome  of  a  bacterium  is  novel,  it  is 
invariably  true  in  higher  organisms  with  visible  chromosomes. 
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Figure  4.  Two  Hypothetical  Eepllcoaa  In  Stenbrlococcu*  »ur*u*. 

Pigmentation  gene  exhibit*  full  expreetlon  of  nutation 
after  two  generation*  for  both  2-hour  and  5-hour  cell*. 
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ii.  AerrHAji1  m  stanitTiococcua  Aureus,  a  nronouncsa  shirk  in  position  ot  the  acrinavin 
resistance  locus  was  observed  when  gene  order  was  deteralnad  by  aarker  frequency  analysis 
of  cells  of  various  ages.  In  young  cells  (2 -hour  culture),  acrlf levin  resistance  was 
napped  near  the  origin  of  replication,  but,  in  older  cells  (5-hour  culture),  the  eaae 
locus  was  aapped  at  the  alddle  of  the  genoae.  By  the  aethod  of  synchronous  chroaosoael 
epllcatlon,  acrlflavln  resistance  consistently  duplicated  In  the  central  portion  of  the 
hroaosoae .  When  cells  froa  a  2-hour  culture  were  exposed  to  nltrosoguanldlne  and  than 
allowed  to  express  nutations  after  mitageo  treataent,  novobiocin -resistant  nut ants  were 
fully  expressed  after  two  generations,  but  acrlf levin -res 1st ant  nut ants  were  not  fully 
expressed  until  after  five  to  six  generations.  In  contrast,  when  cells  froa  a  5 -hour 
culture  were  similarly  treated,  both  novobiocin  resistance  and  acrlflavln  resistance  wen 
fully  expressed  after  two  generations  of  growth.  Furthermore,  the  ratio  of  frequency  of 
acrlf  levin -resistant  mutants  to  novobiocin -resistant  autanta  was  2.5  tines  higher  in  2- 
hour  cells  than  In  5-hour  cells. 

When  cells  of  various  ages  were  exposed  to  pbenethyl  alcohol  for  2  hours  before  expo 
sure  to  nltrosoguanldlne,  soae  genes  showed  a  constant  ratio  between  the  frequency  of 
Induced  mutants  compared  with  the  frequency  of  Induced  nutations  to  novobiocin  resist¬ 
ance,  regardless  of  the  age  of  the  cells.  Other  genet,  however,  exhibited  a  much  higher 
[ratio  of  frequency  coapared  with  novobiocin  resistance  In  2-hour  cells  than  In  5 -hr  cell 
These  data  have  been  utilised  to  deaonstrate  that  the  total  genoae  In  &.  aureus  Is 
composed  of  two  repl Icons.  In  young  cells,  one  rap  1  Icon  occurs  In  a  much  greater  number 
£>f  copies  compared  with  the  ocher  repllcon,  but  this  tabs lance  of  repllcon  ratio  decline 
considerably  in  older  celts,  line  genes  have  been  examined  to  dace.  Three  of  these 
Igenes  have  been  assigned  to  one  repllcon,  and  the  other  six  to  the  second  repllcon. 
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